Flax (Linum usitatissmum L.) is grown as a dual purpose crop in Egypt, i.e. for production of fibers and oil. The area devoted for flax production gradually decreased during the last decade to reach 7385 faddans in 2014/2015. That decrease in cultivated area is primarily attributed to increase in production costs, especially inputs related to land preparation and manual labor wages for hand weeding and harvesting. However, production costs could be reduced in the newly reclaimed lands by implementation of no-tillage and application of integrated weed managements for weed control.
Egypt.J.Agron. Vol.39, No.2 (2017) A. I. NAWAR et al . environmental and economic benefits of no-tillage include reducing wind and soil erosion (Verhulst et al., 2010) , improvement of soil structure and enhancing biological activity, nutrient cycling, soil water holding capacity (Hobbs et al., 2008 and Verhulst et al., 2010) and reduce production costs, often attributed to decreases in energy and labor consumption (Ernestein et al., 2012) compared to conventional tillage (CT). Meanwhile, adoption of no-tillage system will change weed communities and growth dynamics, compared to under conventional tillage system, thus weed control via herbicides need to be adjusted (Nichols et al., 2015) . Mankowski et al. (2013) reported that no-tillage, regardless of weed control, reduced the number and weight of weeds compared to conventional cultivation with plowing. Moreover, Mankowski & Pudelko (2015) found that weed control with herbicide, regardless of the tillage system, increased the yield of fiber, resulting from both the increase in straw yield and the share of fiber in the straw of flax. Blackshawet al. (2008) concluded the herbicides could be used, with targeted and limited use in conjunction with zero tillage for effective control of weeds. Many studieswere recommended several herbicides as effective control methods against broad-leaved weeds, such as Granstar (Mousa, 2002 and Osman et al., 2010) . However, Abd-El-Samie & Abd- ElDayem (2000) and Osman et al. (2010) found, in divergent studies, that Fusilade showed effective weed control against grass weeds, compared to unweeded check treatment.
Application of macronutrients, i.e. nitrogen, phosphorus and potassium, is essential for enhancing flax growth and productivity. Several researchers reported on the beneficial application of nitrogen (Dordas, 2010 and Ruisi et al., 2016) , phosphorus (El-Deeb et al., 2006) and potassium (Bakry et al., 2015) either individually or in combination of NP (Lafond et al., 2003) or NPK (Leilah et al., 2003 and Khajani et al., 2012) on productivity of fiber and oil in flax. However, most of the published research reports data were under minimal or zero tillage systems. No-tillage as previously mentioned has an impact on soil structure, compared to conventional tillage, which will change distribution of plant nutrients in the soil profile, nutrient availability and fertilizer management decisions (Grant et al., 2008) .
The present investigation was designed to study the role of tillage system, macronutrients application and weed control on growth and productivity of flax cultivar Sakha 4 and associated annual weeds.
Materials and Methods
Two field experiments were carried out in the winter seasons of 2013/2014 and 2014/2015 at the experimental farm of Nubaria Research Station, Agricultural Research Center, Beheira Governorate. Physical and chemical properties of the soil at the experimental site are presented in Table 1 as an average of the two seasons.The objectives of the investigation were to study the effect of tillage system, macronutrients fertilization and weed control treatments on growth and productivity of flax cultivar Sakha 4 and on annual weeds. The design used was split split-plot with four replications. Each sub sub-plot comprised 20 rows, 15 cm apart and 3 m in length as follow:
A-Main plots: (Tillage system)
1-Conventional tillage.
2-No-tillage. B-Sub plots: (Macronutrients fertilization)
1-NPK. 2-NP.
3-P. C-Sub-sub plots: (Weed control treatments)
1-Brominal + Select super. 2-Sinal + Select super. 3-Handweeding twice.
4-Unweeded check (control).
The common and trade names, as well as chemical family, mode of action, time of application and targeted weeds for the used herbicides are presented in Table 2 .
Conventional tillage was performed as two ploughings by chisel plough, whereas in no-tillage, no ploughing was applied and weeds of previous season were removed by hand cutting. Phosphorus (P) and potassium (K) were applied during soil preparation in conventional tillage and on top of soil surface followed directly by irrigation in no-tillage at the rate of 150 kg/faddan of mono super phosphate (15.5 % P 2 O 5 ) and 24 kg/faddan potassium sulphate (48 % K 2 O), respectively. Nitrogen was applied in the form of ammonium nitrate (33.5 % N) at the rate of 60 kg N/faddan in two equal doses, at second and third irrigations, in the two tillage systems by drilling.
The herbicides treatments were sprayed with a CP3 knapsack sprayer equipped with one nozzle boom with 200 liters of water/fad.Flax seeds were hand-drilled on November 8 and 15 in the first and second season, respectively, at the rate of 50 kg/ faddan. After 60 days from sowing, weeds were hand pulled from one square meter taken at random from each sub sub-plot. Weeds were classified into broadleaved and grassy weeds and fresh weight of each category and total weeds were recorded. Annual weed species prevalent at the experimental site included broad-leaved weeds (Brassica tournefortii, Cichorium endivia, Medicago polymorpha and Vicia sativa) and narrow-leaved (grassy) weeds (Avena fatua, Lolium temulentum and Phalaris paradoxa).
At harvest, representative samples of 20 plants were randomly taken from every experimental unit to determine flax growth aspects of plant height (cm), technical length (cm), fruiting zone length (cm) and number of basal and apical branches/plant in addition to number of capsules/plant and 1000 seed weight. The inner ten rows were harvested to calculate the seed and straw yields for each sub plot then converted to yields (kg/ha).
Economic analysis,and his effect on flax crop profitability, was done to investigate the variances between the different studied factors to get the highest profitability by using some economic criteria such as gross income, net income and profitability. Economic criteria were used according to the methods described by Heady & Dillon (1961) and were estimated from the following formulas: 1-Gross income (GI) = the price of straw yield + the price of seed yield.
2-Net income (NI) = Gross income -Total costs.
3-Profitability (Pr.) = (Net income/Total costs) x 100. 4-Benefit/Costs Ratio (B/C) = Gross income/Total costs.
Statistical analysis of data was conducted according to Gomez & Gomez (1984) using SAS (Statistical Analysis System) ver. 9.01by computer. 
Results and Discussion

Effect of tillage, fertilization and weed control treatments and their interactions on weeds biomass
No-tillage significantly reduced total fresh weight of weeds by 17.0 and 18.4 % in the two seasons, respectively, compared to conventional tillage (Table 3) . Moreover, fresh weight of broad-leaved weeds and fresh weight of grass weeds, were reduced with no-tillage system compared to conventional tillage, however, the differences were significant in the second season only. Blackshaw et al. (2001) found that weed community dynamics were most affected by yearto-year differences in environmental conditions followed by tillage intensity. Mankowski et al. (2013) reported that no-tillage reduced the number and weight of weeds compared to conventional cultivation with plowing. That could be explained by accumulation of seeds near the soil surface in no-tillage system, thus seeds are exposed to higher mortality risks through weather variability and predation (Blubaugh & Kaplan, 2015) and less seedling establishment (Franke et al., 2007) .
Application of all three macronutrients (NPK) gave significantly higher fresh weight of total weeds, and both categories of weeds, than application of phosphorus (P) alone (Table 3) . Application of NPK gave higher total weeds fresh weight than NP or P by 6.3 and 20.6% and 8.4 and 20.0%, in the two seasons, respectively. In addition, NP was superior than P by 15.2 and 12.7% in the two seasons, respectively. The combination of nitrogen and phosphorus (NP) gave similar values to NPK except total weeds fresh weight in the second season. This effect may be explained by the role of nitrogen in enhancing vegetative growth of plants, including weeds, especially in combination with other macronutrients, i.e. phosphorus and potassium.
These results indicate that, although fertilization with appropriate amounts of macronutrients may benefit flax growth and productivity, it will also encourage weeds growth and competition to crop plants. Thus a fertilization program for flax is needed, taking in consideration the amount and timing of fertilization, that will allow better use of applied nutrients by crop plants and minimize their availability to weed plants.
Application of mixtures of herbicides for broad and narrow-leaved weeds (Table 3) , i.e. Brominal + Select super or Sinal + Select super, significantly reduced total fresh weight of weeds by 98.1 and 92.6 % in the first season and 97.1 and 92.4 % in the second season, respectively and weed categories compared to unweeded check. Moreover, both herbicide mixtures were significantly more effective in controlling grass weeds in both seasons than hand weeding. Brominal + Select superadd was superior to hand weeding in controlling grass and total weeds in both seasons, in addition to broad-leaved weeds in the second season. Osman et al. (2010) reported that significant reduction in dry weight of broadleaved, grassy and total weeds with application of post-emergence herbicides. They added that the combinations between herbicides for broad-leaved and grassy weeds are essential for controlling both weed categories in the flax crop.
Tillage system x weed control treatments interaction (Table 4 ) was significant in both seasons, for reducing broad-leaved and total weeds fresh weight. The Brominal + Select super mixture significantly gave the lowest weeds biomass for total weeds in the two seasons, regardless of the tillage system, compared to hand weeding in reducing broad-leaved weeds biomass. No-tillage significantly reduced both broad-leaved and total weeds biomass in the two seasons. Naldewaja (2003) reported that successful conservation agriculture was highly dependent upon effective weed control.The recent development of highly active post-emergent-appliedherbicides provide for simple effective weed control for conservation tillage practices. Thomas et al. (2010) found that high herbicide/zero tillage system significantly reduced weed density compared to no herbicide/high tillage system in four seasons at two locations.
Fertilization x weed control treatments interaction was significant for broad-leaved, grass and total weeds, in the two seasons (Table 5 ). The effect of applied weed control treatments varied with fertilization by macronutrients, where Brominal + Select super treatment was superior than Sinal + Select super in reducing broad-leaved weeds biomass with NPK, NP and P fertilization, while both herbicide combinations were statistically similar in their effect on grass weeds biomass in the two seasons, at the three macronutrients fertilization treatments. With respect to total weeds biomass, both herbicidal combinations were similar in reducing fresh weight of total weeds with NPK and P treatments, but Brominal + Select super was superior at NP fertilization treatment, in the first season.
IMPACT OF TILLAGE INTENSITY, NPK FERTILIZATION ... In the second season, Brominal + Select super was superior than Sinal + Select super at NPK and P treatments, whereas both herbicide combinations were statistically similar at NP macronutrient fertilization treatment. These variations in weeds response to fertilization treatments and post-emergence herbicides application emphasize the need for adopting suitable macronutrients fertilization program, including amounts and time of application, that would reduce competition of weeds with flax crop plants for those nutrients and in parallel association, application of effective postemergence herbicides combination targeted to reduce weeds density at the critical growth stages of flax.
Effect of tillage, fertilization and weed control treatments and their interactions on phenologic, yield and yield components of flax
No-tillage (NT) gave comparable values to that of conventional tillage (CT) for all studied characters (Tables 6 and 7) , in the two seasons, except number of fruiting branches and straw yield/ha in the first season, and plant height in the second season. NT gave significant higher number of fruiting branches but lower straw yield compared to CT. Meanwhile, flax plants, in the second season were taller with CT system compared to NT system. These findings were in accordance with those reported by Couture et al. (2004) who found that zero tillage (ZT) produced shorter plants compared to minimum (RT) or conventional tillage (CT) and attributed to better seed bed preparation and seed placement in RT and CT compared to ZT. Foulk et al. (2007) reported that CT produced dry plant matter yield compared to NT. The results also indicated the seed yield in NT system statistically matched than CT system, in the two seasons, in addition to other important yield components such as number of capsules per plant and 1000-seed weight (for oil production) and technical length (for fiber production). Similar findings were reported by Mankowski & Pudelko (2015) and Pittelkow et al. (2015) .
NPK and NP fertilization increased the seed yield by 57.1 and 51.4% and 69.1 and 50.7%, in the two seasons, respectively compared to P fertilization treatments (Tables 6 and 7) . Fertilization with the three macronutrients (NPK) was significantly superior to P application only in all studied characters in the two seasons, except technical length and number of fruiting and basal branches in the first season. It was also significantly superior to NP application in seed and straw yields and 1000-seed weight in the two seasons that indicated the necessity of balanced fertilization with the three macronutrients to obtain high economic seed yield of flax. These findings are supported by those reported by Leilah et al. (2003) , Dordas (2010) , Khajani et al. (2012) and Bakry et al. (2015) , who found that adequate supply of nitrogen, phosphorus and potassium enhanced both seed and fiber production of flax. Concerning weed control treatments, data reported in Tables 6 and 7 showed that applied herbicide combinations and hand weeding significantly improved all studied characters, in the two seasons, compared to unweeded check. Percent increase in seed yield, over control, was 71, 69 and 68.5% and 68, 67.5 and 68.4%, for the two seasons, respectively.
Moreover, Brominal + Select super postemergent herbicide combination surpassed hand weeding in number of capsules per plant in the two seasons, and plant height, number of fruiting branches, length of fruiting zone, straw yield and seed yield in the second season. However, both herbicide combinations gave statistically similar values for all studied traits, in the two seasons, except number of capsules per plant in the first season, where Brominal + Select super significantly surpassed Sinal + Select super. These findings support the adoption of a postemergence-herbicide-application program that will reduce weeds development and growth, reducing its competition with flax plants and ensure higher seed and fiber production. Similar findings were reported by Osman et al. (2010) , Thomas et al. (2010) and Mankowski & Pudelko (2015) , who emphasized the efficacy of different weed control methods, including post-emergence herbicides, in suppressing weeds density and growth to provide the crop plants with suitable environment to realize their potential productivity.
Tillage system x weed control treatments interaction was significant for number of capsules per plant in the first season only (Table 7) . Both herbicidal combinations gave comparable values under CT and NT systems and were significantly superior to unweeded control. However, hand weeding at CT gave higher number of capsules per plant than at NT. On the contrary, unweeded control at NT gave significantly higher number of capsules per plant compared to that under CT. That may be attributed to the lower density of weeds in NT, compared to CT (Table 4) , which resulted in better growth of flax plants and formation of higher number of capsules. These results were in accordance with those reported by Mankowski et al. (2013) The tillage system x fertilization treatment interaction (Table 8 ) was significant in 2013/2014 season only. Plant height varied significantly under CT conditions with the different macronutrients fertilization treatments, whereas plant height was insignificantly affected by the different applied macronutrients fertilization treatments under NT system. That may be attributed to the impact of no-tillage impact on the distribution of the plant nutrients in the soil profile and their availability to plants (Grant et al., 2008) .
Fertilization treatment x weed control treatments interaction was significant for straw yield, seed yield and 1000-seed weight in the two seasons, in addition to number of capsules per plant and length of fruiting zone in the second season ( Table 9 ). The data revealed that the highest values were obtained with NPK followed by NP then P macronutrients fertilization for the applied weed control treatments. However, there was a variation of the magnitude effect for the three macronutrients fertilization treatments. This appeared in seed yield reduction the percent reduction in seed yield, as an average of the two seasons, for weed control treatments (the two post-emergence herbicide combinations and hand weeding) were 14 % for NP compared to NPK and 52 % for NP compared to P. The respective values for reduction in straw yield were 15.5 % and 29 %, respectively. These findings illustrate the major role played by balanced macronutrients fertilization, especially nitrogen, in realizing the potential yield of flax. The data also indicate the minor role of phosphorus in maintaining high seed and straw yields of flax even under suppressed weeds conditions. Several researchers emphasized the role of balanced fertilization in flax (Franzen, 2004 and Khajani et al., 2012) , whereas others accentuated the role of nitrogen and the necessity of increasing nitrogen use efficiency in flax (Dordas, 2010; El-Nagdy et al., 2010 and Ruisi et al., 2016) in order to obtain economical yield under CT or NT systems. On the other hand, several researchers pointed out the lack of response to P application in flax, especially in soils with high P levels (Lafond et al., 2003 and Grant et al., 2008) . Table 10 indicated that tillage (T) significantly increased gross income, net income, profitability and Benefit/Costs ratio (B/C) by 13.7, 23.1, 21.7 and 22.2 % in the first season and by 11.5, 20.2, 20.7 and 12.2 % in the second season, respectively, as compared with no-tillage (NT).
Fertilization with the three macronutrients (NPK) was significantly superior than NP and P application only in all economic studied characters (Table 10) . As well as NP was significantly superior than P application in all economic studied characters during the two seasons. That indicated the necessity of balanced fertilization with the three macronutrients to obtain high economic seed yield of flax.
Concerning weed control treatments, data reported in Tables 10 showed that applied herbicide combinations and hand weeding significantly increased all economic studied characters, in the two seasons, compared to unweeded control. Moreover, both herbicidal combinations surpassed hand weeding in net income, profitability and benefit/costs ratio (b/c) during the two seasons. However, both herbicide combinations gave statistically similar values for all studied traitsexcept gross income.
Tillage systems x weed control treatments interaction was significant for gross income, net income, profitability and benefit/costs ratio (b/c) in Table 11 . The data revealed that the highest values were obtained from applied both herbicide combinations and hand weeding with both tillage systems compared to unweeded control. On the other hand, there was no variation among both herbicide combinations and hand weeding in gross income, however, both herbicide combinations surpassed to hand weeding in net income, profitability and benefit/ costs ratio during the two seasons. Fertilization: (Table 12 ). The data revealed that the highest values were obtained with NPK followed by NP then P macronutrients fertilization for the applied weed control treatments. However, there was a variation in the magnitude effect for the three macronutrients fertilization treatments.The reduction percentage reduction in net income and profitability for weed control treatments (The two post-emergence herbicidal combination and hand weeding) were 18 % and 6 % for NP compared to NPK, 65 % and 52 % for P compared to NP, respectively, in the first season, however it were 27 % and 18 % for NP compared to NPK, 68 % and 60 % for P compared to NP, respectively, in the second season. These findings illustrate the major role played by balanced macronutrients fertilization, especially nitrogen, in realizing the potential yield of flax.
Correlation between studied characters
Simple correlation coefficients between pairs of studied characters (Tables 13 and 14) , in the two seasons, revealed several important findings. First, a negative and highly significant relationship between fresh weight of either/or both groups of weeds with growth characters and seed yield and its components of flax except harvest index during the both seasons. That could be interpreted as a reduction in flax plant growth, expressed in plant height, Technical length, No. of capsules, No. of apical branches/plant, No. of basal branches/plant and Fruiting zone length, as weed population, of any of the two types of weeds increased. Second, a positive and highly significant relationship between all studied growth characters and straw yield and seed yield and its components. Increase in growth characters will lead to increase in photosynthetic production and higher dry matter accumulation which reflected in higher seed yield components and seed yield. Third, a positive and highly significant relationship between seed yield components and seed yield per fad, which implies that increase in seed yield components which related will result in higher seed yield per fed, depending on the contribution of each components in the expression of seed yield. Similar results were reported by Dordas (2010) and Thomas et al. (2010) , who concluded that seed yield was positively and significantly correlated with other involved traits.
In conclusion, the present study indicated that no-tillage was equivalent to conventional tillage concerning productivity of seed from dual purpose flax. A balanced fertilization program with nitrogen, phosphorus and potassium is essential for realizing high yields in association with postemergence herbicides application to suppress weeds at critical stages of flax development. Other aspects such as reorganization of the components of crop management (Crop rotation) and organic matter management should be integrated with no-tillage to realize the full benefits of conservation agriculture. 
